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Reently nanomehanial devies omposed of a long stationary inner arbon nanotube and a
shorter, slowly-rotating outer tube have been fabriated. In this Letter, we study the possibility of
using suh devies as adiabati quantum pumps. Using the Brouwer formula, we employ a Green's
funtion tehnique to determine the pumped harge from one end of the inner tube to the other,
driven by the rotation of a hiral outer nanotube. We show that there is virtually no pumping if the
hiral angle of the two nanotubes is the same, but for optimal hiralities the pumped harge an be
a signiant fration of a theoretial upper bound.
PACS numbers: 72.10.-d, 73.23.-b
Quantum pumps are time-dependent eletron satter-
ers, whih are able to transport eletrons between two
external reservoirs. They are adiabati if the frequeny
of the pump yle is smaller than the inverse of the har-
ateristi timesale of the satterer, namely the Wigner
delay time [1℄. Reent experimental [2, 3℄ and theoretial
[4, 5, 6, 7, 8, 9, 10℄ studies of adiabati quantum pumps
have examined the onditions for optimal pumping and
the eets of noise and dissipation. All of these devies
are based on eletrial pumping. In this work, we propose
and analyze a novel realization of a mehanially-driven
quantum pump.
The signiane of mehanially-driven quantum
pumps lies in their ability to onvert mehanial energy to
eletrial energy, whih ould be used for energy saveng-
ing, via the onversion of ambient vibrational energy to
eletrial energy (see for example Ref. [11℄). The pumped
urrent ould be used to power or ontrol nanosale ele-
troni devies, making it a useful omponent in NEMS
devies. As it will be shown below, the proposed nanome-
hanial pump an operate at 30-40% of the theoretial
upper limit, whih makes it highly attrative as an energy
savenger.
Our analysis was stimulated by reent experiments
[12, 13℄, whih demonstrate that it is possible to engi-
neer a double-walled arbon nanotube in suh a way that
the inner tube is xed, and the outer is aused to rotate
around it by an external fore. In this paper we demon-
strate that suh a devie an also be used as a quantum
pump. The basi idea is that if the two nanotubes have
dierent hirality, the rotation of one of the tubes will
produe a time-dependent potential that indues eletron
ow in the other. Suh ow is learly allowed by sym-
metry, but the question of whether or not the pumped
harge is signiant must be answered by a quantitative
alulations based on a realisti Hamiltonian. In what
follows the results of suh a alulation are presented.
We alulate the adiabatially-pumped harge in the
double-walled, arbon-nanotube, shuttle geometry shown
in Figure 1, whih mimiks the experimental setup of Ref.
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Figure 1: The shuttle geometry used throughout our alu-
lations. An outer nanotube of length L onentrially sur-
rounds an inner tube of length 2L, with an inter-layer spaing
W orresponding to the van der Waals distane (L ≈ 50 Å,
W ≈ 3.4 Å). The inner wall remains xed, while the outer
tube is rotated about the tube axis.
[12℄. The inner tube is xed, while the shorter outer
tube slowly rotates. The adiabati harge pumped by a
time-varying satterer onneted to external reservoirs by
sattering hannels (labelled j) is given by the Brouwer
formula [14, 15℄, whih states that the pumped harge
Qj in the jth hannel is given by Q˙j ≈ (e/h)Ejj , where
Ejj is the energy shift matrix as dened by E (t, µ) =
i~∂tS (t, µ)S
† (t, µ), S is the sattering matrix, and µ
is the Fermi energy. In what follows, the Hamiltonian
used to build the S matrix is onstruted from the inter-
moleular Hükel model (IMH), whih is a tight binding
model with inter-moleular interations determined by
the geometrial arrangements of atoms within a devie
[16, 17, 18℄. For a given pair of inner and outer arbon
nanotubes, the Green's funtion and sattering matrix
are determined from the IMH Hamiltonian via Dyson's
equation [19, 20℄. Brouwer's formula is evaluated from
appropriate derivatives of sattering matrix elements. To
reveal the rih behavior of this family of quantum pumps,
results are obtained for dierent hoies of the Fermi en-
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Figure 2: (olor online) The alulated parametri emissivity
in a (5,5)(15,5) shuttle pump at a Fermi energy of 0.0081γ
as a funtion of the rotational angle ϕ (solid: harge pumped
left; dashed: harge pumped right). Σ marks the average of
the magnitude of the o-diagonal elements of the Ejj matrix,
whih should be zero for an optimal quantum pump [6℄.
ergy (measured in units of the γ nearest neighbor in-
tramoleular hopping matrix element).
We fous on the (5,5) and (9,0) inner nanotubes with
several dierent outer tubes whih were hosen suh that
the inter-layer distane would roughly orrespond to the
van der Waals distane. Figure 2 shows the parametri
emissivity (ie. the trae of the energy shift matrix), as
a funtion of the rotational angle ϕ for the (5,5)(15,5)
shuttle pump. Depending on the partiular angle, harge
may be pumped either from left to right or vie versa.
The integral of this parametri emissivity within a full
yle is the number of pumped eletrons per yle. The
length of the yle is determined by the rotational sym-
metry of the inner nanotube; in the ase of the (5,5),
there is a C5 rotational symmetry, hene the yle is from
0
◦
to 72
◦
. This an be learly seen in Figure 2, as the
plot is periodi with a period length of 72
◦
. Aording to
Ref. [6℄, a quantum pump is optimal if the o-diagonal
elements of the energy shift matrix are zero. We may
dene Σ as the average of the absolute values of the o-
diagonal elements, whih an be interpreted as a measure
of the deviation from optimal behavior. Results for Σ are
shown in Figure 2, whih demonstrates that the pump-
ing is not optimal. However, as we will see below, at
low Fermi energies and near Fabry-Perot resonanes the
pumping an be quite high and approahes a signiant
fration of the theoretial limit.
In Figure 3 we show the pumped harge in a (5,5)
arbon nanotube with a (14,6) outer nanotube slowly ro-
tating around it. The harge pumped per 360
◦
rotation
is obtained by alulating the parametri emissivity from
the left to the right lead and vie versa at dierent angles,
and then integrating the result from 0
◦
to 360
◦
. Continu-
ity is satised, beause the harge pumped into the right
lead equals the harge taken from the left lead, with high
numerial auray. When the time derivative of the S
matrix is small, this requires a ne integration mesh.
The average pumped harge learly drops by several or-
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Figure 3: (olor online) The alulated pumped harge per
360
◦
rotation in a (5,5)(14,6) shuttle pump on a logarith-
mi sale as a funtion of the shift of the Fermi energy (green
dashed: harge pumped left; red solid: harge pumped right).
At ertain energies, the pumped harge is very high. These
peaks orrelate with the Fabry-Perot resonanes in the ree-
tion oeient (blue dotted).
ders of magnitude as the Fermi energy is inreased, thus
for the most eient pumping the Fermi energy should be
lose to the Dira point. Note however, that the pumped
harge ould again inrease if the Fermi level is large
enough to open another hannel. Beyond this average
behavior, it is also important to note the presene of nu-
merous sharp peaks in the pumped harge. The loation
of these peaks orrelates with the Fabry-Perot resonanes
in the reetion oeient. In other words, when the
transmission is high, pumping is low, and vie versa. In-
deed, when the oupling between the shells is strong, the
assoiated inrease in sattering leads to dereased trans-
mission and inreased reetion, while at the same time
the pumped harge is inreased. This suggests that the
largest pumping ours at Fabry-Perot resonanes. How-
ever, the loation of these peaks in energy is very sensi-
tive to the geometry and strongly depends on the length
of the outer tube and the struture of the edge of the
tube. Therefore in an atual experiment, these features
will likely be averaged out. For this reason, the most ef-
ient pumping will be at low energies where the average
pumped harge is highest (or near an energy where the
next hannel opens).
A further noteworthy feature of the quantum pumps
studied here is that the diretion of the pumped harge
hanges sign at ertain energies. While this ould in prin-
iple be used to hange the diretion of the urrent by
shifting the Fermi energy while maintaining the rotation
of the outer shell in the same diretion, experimentally
it is diult to ahieve this. Furthermore in the region
where the sign hange takes plae, the harge pumping
is already at least an order of magnitude smaller than
at low doping levels, whih would further hinder suh
appliations.
To identify whih hirality has the highest eieny,
Figure 4 shows the pumped harge per 360
◦
rotation in
the (5,5) and the (9,0) inner tubes with dierent outer
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Figure 4: (olor online) The average pumped harge in a (5,5)
(a) and a (9,0) (b) arbon nanotube as a funtion of the hiral
angle of the outer tube. The averaging is performed over
dierent relative positions along the tube axis. The most
eient hiralities are the ones around the hiral angle of
≈ 10
◦
(where 0
◦
orresponds to the zigzag tubes) for the
(5,5) and near ≈ 20
◦
for the (9,0). There is pratially no
pumping if the outer tube is ahiral, as expeted.
nanotubes, for a number of dierent energies and hiral
angles of the outer tube (averaging is performed over rel-
ative positions of the two shells along the tube axis, see
below). In the ase of the (5,5) there are a few hirali-
ties near the angle ≈ 10◦ (where 0◦ orresponds to the
zigzag tubes) where the pumping is very high, although it
doesn't reah the theoretial limit (see disussion below).
Tubes of suh hirality are eiently pumping eletrons
through a (5,5) inner tube. On the other hand, neither
the (10,10), nor the (18,0) produes any signiant harge
pumping. This is expeted, sine the pumping is unlikely
to our if the hiral angles are the same or if both the
inner and outer tubes are ahiral.
An important question is whether or not the position
of the outer shell along the tube axis with respet to the
inner tube has signiant eet on the pumped harge.
We performed alulations to hek the magnitude of this
eet, alulating the pumped harge at 10 dierent in-
equivalent positions. The pumped harges in Figure 4
are obtained from the average of these alulations, and
the plotted errorbar shows how muh these values vary.
This demonstrates that translating the outer tube rela-
tive to the inner tube produes only a small hange in the
pumped harge. (Note however, that the loations of the
aforementioned sharp peaks assoiated with the Fabry-
Perot resonanes in the reetion oeient are sensitive
to suh eets.)
We have also alulated the pumped harge in a (9,0)
inner tube using the same outer tubes (see bottom half of
Figure 4). These results are similar to those of the (5,5)
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Figure 5: (olor online) The harge pumping in the
(5,5)(15,5) shuttle pump for dierent values of the strength
of the inter-layer oupling (solid: harge pumped left; dashed:
harge pumped right). A ±10% hange in the oupling alters
the pumped harge roughly by a fator 2-3, resulting in nearly
an order of magnitude dierene when omparing the ases
of the 10% weakened and 10% strengthened oupling.
exept that the plot has a peak at around ≈ 20◦. This re-
sult suggests that the optimal hiral angles are suh that
the dierene of the hiral angle of the inner and outer
shell is ≈ 20◦. (A similar result was found for the op-
timal momentum transfer between two nanotubes in the
so-alled arbon nanotube windmill, whih is essentially
the inverse of the eet studied here. [21℄) A further
dierene between the results on (5,5) and (9,0) is the
vertial sale: the maximum pumped harge is larger in
the latter. This is beause the integration is performed
on a 360
◦
interval, whih ontains 5 parametri yles in
the ase of (5,5) and 9 yles in the ase of (9,0). This
suggests that from a pratial point of view, the best in-
ner shells for use in a arbon nanotube quantum pump
are the ones with high rotational symmetry. Aording
to Ref. [6℄, the maximum pumped harge per parametri
yle is one per hannel, so the theoretial maximum for
a 360
◦
rotation in the (9,0) at low energies (where there
are 2 open hannels) is 18. The highest pumping found in
our alulations is approximately one third of this. The
IMH tight-binding Hamiltonian used in the alulations,
utilizes inter-layer interations whih were tted to the
Davydov splitting of ethylene [16℄. This model was re-
ently demonstrated to predit harge transfer in double-
walled arbon nanotubes [18℄ whih agrees well with ex-
periments [22, 23℄. Nevertheless it may be possible that
a slightly dierent inter-layer oupling an provide more
aurate results. For this reason we have examined the ef-
fet of slightly altering the inter-layer oupling strength.
Figure 5 shows that the strength of this oupling sig-
niantly inuenes the pumped harge. Changing the
magnitude of the oupling by around 10% yields nearly
a fator 2-3 hange in the pumped harge at low ener-
gies. This eet ould therefore be exploited to probe
3
the strength of the inter-layer oupling. Indeed by mea-
suring the pumped harge in the proposed geometry, it
may be possible to t the IMH parameters diretly to
measurements.
In onlusion, we have studied the pumped harge in
a double-walled arbon-nanotube shuttle geometry, on-
sisting of a long (5,5) or (9,0) inner tube and a short outer
shell of varying hirality. We have demonstrated that
harge pumping an be a signiant fration of a theo-
retial upper bound and that the most eient pumping
ours when the inner tube has a high rotational symme-
try around the tube axis and the dierene in the hiral
angle of the two shells is ≈ 20◦. We have also found
that the pumped harge is sensitive to the inter-shell
oupling in the system. Our aim has been to provide
a rst demonstration of signiant pumping in suh de-
vies and therefore we have foused on lean nanotubes
in the adiabati limit. For the future it will be of interest
to onsider the eets of disorder and non-adiabatiity.
Regarding the former, one notes that at least in one di-
mension, disorder whih preserves the spatial symmetry
of a lattie does not ompletely randomize the phase of
sattering states [24, 25℄ and therefore phase derivatives,
whih are at the heart of the Brouwer formula an be
expeted to retain a memory of the underlying hirality.
Furthermore in the absene of ommensurability, trans-
lating the outer tube relative to the inner tube indues a
range of dierent inommensurate sattering potentials
and as shown in Figure 4, this does not destroy harge
pumping. Regarding the question of non-adiabatiity,
our results are valid as long as the frequeny of rotation
is smaller than the inverse of the Wigner delay time [1℄,
whih for the nanotubes we have studied is on the order
of 10−11 seonds near the resonanes and even smaller,
10−14 seonds far from resonanes. This suggests that
the Wigner delay does not raise any tehnial barriers be-
fore the realization of adiabati pumping and more likely
eletron-phonon oupling will set an upper bound to the
operating frequeny [26℄.
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